INTRODUCTION
The individual members of the heterotrophic bacterioplankton are key catalysts of the biogeochemical cycles of nutrients in the sea through their decomposition of organic matter (Pomeroy 1974 , Azam et al. 1983 . Although the patterns of abundance of bacteria in the sea are generally known, we remain ignorant of the importance of many of the different bacterial species. This is because of the difficulty of identification and monitoring of bacterial species based on cell morphology or cultivation. As a result bacterioplankton has often been described as a 'black-box' community. Recently, strong support for significant bacterioplankton diversity came with the introduction of ribosomal RNA gene sequencing as a tool in bacterial systematics (Woese 1987) and its subsequent application to marine environments (Giovannoni & Rappe 2000 and refer- ABSTRACT: A case study was performed to evaluate the potential of a combination of flow cytometry, cell sorting and fluorescence in situ hybridisation (FISH) for mesoscale monitoring of dominant bacterioplankton groups. In June 1999, the spatial distribution of phylogenetically characterised bacterioplankton groups in an area of 150 × 350 km in the northern North Sea was studied in conjunction with blooms of phytoplankton including coccolithophores. The bacterial cells were enumerated using flow cytometry and 3 groups were defined on the basis of cellular light scatter, nucleic acid and protein content. The phylogenetic composition of cells sorted from those 3 groups was analysed using FISH with a restricted set of rRNA targeted oligonucleotide probes. Cells with high nucleic acid and high protein content were mainly affiliated to the α-proteobacterial genus Roseobacter. Members of the Cytophaga-Flavobacterium cluster consistently accounted for the majority of cells in the high nucleic acid and low protein group; and members of the γ-proteobacterial SAR86 cluster were always present in significant amounts among the cells with low nucleic acid and low protein content. The composition of bacteria within the groups was remarkably conservative in 13 randomly selected samples, while the concentration of the groups varied considerably on the 10 to 100 km scale. The bacterial groups formed patches of high abundance; these were spatially separated and could remain traceable for 2 to 3 d. The distribution of bacterioplankton groups did not correlate with distribution of either chlorophyll a (chl a), or phytoplankton groups (small coccolithophores and picoeukaryotic algae) or physical parameters such as temperature and salinity. It seems unlikely therefore that currently used remotely sensed parameters may be used as proxies of bacterioplankton group concentration at basin scales. However, this case study proves that a shipboard survey conducted over 4 to 6 d is effective for identifying and monitoring patches of certain bacterioplankton groups.
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Resale or republication not permitted without written consent of the publisher ences therein). The biogeochemical implications of the phylogenetic diversity of marine microbial communities are poorly understood, but indirect evidence suggests that enzymatic processing of organic matter can change due to shifts in bacterioplankton composition (Riemann et al. 1999 and references therein) . Thus, quantitative monitoring of phylogenetically characterised bacterioplankton, and revealing spatial and temporal compositional shifts may prove to be important for understanding the more subtle roles of bacterioplankton in marine biogeochemistry.
Our understanding of high-resolution spatial variability in marine bacterial communities is still rudimentary. It has been suggested that marine bacteria aggregate into small-scale patches or 'hot spots' (Azam 1998) in response to favourable environmental conditions. Such conditions may occur around dissolved organic matter diffusing from phytoplankton cells (Mitchell et al. 1985 , Bowen et al. 1993 , organic particles (Shanks & Trent 1979 , Alldredge & Cohen 1987 , and discrete nutrient patches (Lehman & Scavia 1982 , Blackburn et al. 1997 . Nevertheless, there was no direct evidence of µm scale (10 to 100 µm) bacterial heterogeneity in association to algal cells (MullerNiklas et al. 1996) . Spatial heterogeneity in bacterioplankton abundance has been observed at the mm (Seymour et al. 2000 , Long & Azam 2001 ) and cm (Mitchell & Fuhrman 1989 , Duarte & Vaque 1992 scales within a continuously variable distribution of bacterioplankton at a larger scale. On a m scale, variability has been usually associated with studies of bacterioplankton vertical distribution in a water column (Ducklow 2000 and references therein) . Macroscale spatial variability of bacterioplankton (i.e. from crossfrontal to basin scales) has been mostly studied using a transect approach (e.g. Zubkov et al. 2000a , Brown & Landry 2001 . However, insufficient knowledge about spatial distribution of dominant bacterial groups at a multi-km scale (10 to 100 km) critically limits evaluation of scales of biogeochemical processes driven by marine bacterioplankton.
Supported by the mesoscale hydrographic structures, patches dominated by phytoplankton and bacterioplankton were observed simultaneously (Karrasch et al. 1996) . The spatial and temporal intermittency of turbulent stirring generates such patchiness (Abraham 1998) and poses a complex sampling problem. Adequate resolution requires series of physical, chemical and microbiologicial measurements to be made at the same scale, which is, due to time-consuming procedures, most difficult for the biological component. We performed a mesoscale bacterioplankton study combining the speed and accuracy of flow cytometry with the precision of cell sorting and molecular identification by fluorescence in situ hybridisation (FISH) with rRNAtargeted oligonucleotide probes.
In the present study, we investigate the suitability of the recently developed methodology (Fuchs et al. 2000b , Zubkov et al. 2001a ) for mesoscale monitoring of taxonomically defined bacterioplankton groups. We make no pretensions that the probe set applied here is all encompassing; rather, we were interested in finding out whether our approach is suitable for obtaining evidence of patchy distribution of dominant bacterial groups. ture, salinity and chlorophyll a (chl a) fluorescence were recorded every minute. A total of 134 samples of bacterioplankton and phytoplankton were collected at hourly intervals, using the ship's underway non-toxic supply system and an additional 23 surface water samples were collected during the subsequent Lagrangian study (Zubkov et al. 2001a ). Flow cytometry was employed for enumerating 3 main groups of bacterioplankton as well as eukaryotic picophytoplankton and coccolithophores. Flow cytometry. Abundance of selected phytoplanktonic groups was determined in freshly collected unfixed samples using a FACSort flow cytometer (Becton Dickinson) as described previously (Tarran et al. 2001) . Bacterioplankton was fixed with 1% paraformaldehyde (PFA), stained with SYBR Green I DNA dye (Marie et al. 1997 ) and initially enumerated on board the ship using the same instrument. The samples fixed with 1% PFA at 2°C for 24 h were stored frozen at -20 o C. On the return from the cruise bacterial group biomass was estimated after DNA/protein double staining with Hoechst 33342 and SYPRO Red dyes using a FACStar Plus flow cytometer (Becton Dickinson) as described previously (Zubkov et al. 1999 ). The SYPRO-protein cell fluorescence was calibrated using 4 bacterial cultures. The protein biomass of the latter was directly measured using the bicinchoninic acid method (BCA-1 kit, Sigma). Yellowgreen micro-spheres of 0.5 µm diameter (Fluoresbrite Microparticles; Polysciences) were used as an internal standard to normalise among samples and to calculate bacterial protein content. The absolute concentration of beads in a standard stock suspension was determined by flow cytometric counting of beads in volumes dispensed with an automatic micro-injector (KD Scientific). The ratio of bead abundance to that of bacteria was used to compute the absolute concentration of the latter. Bacterial biomass was calculated by multiplying bacterial abundance by mean protein content of bacterial cells. The protein content of bacteria was assumed to be equal to carbon cellular content (Simon & Azam 1989) .
MATERIALS AND METHODS

Sampling
FISH. Thirteen randomly selected bacterioplankton samples were used for cell sorting (Fig. 1 ). Bacterial cells, sorted from 3 main flow cytometric groups, were collected on polycarbonate filters (0.2 µm pore size) for FISH analysis (Glockner et al. 1996 , Fuchs et al. 2000b . The sorted cells were hybridised with a set of probes: GMP1242, specific for the γ-proteobacterial SAR86 cluster (Mullins et al. 1995 ) is 5' AGCGTC-CGTCTGTATCTC 3'; RSB67, specific for the γ-proteobacterial genus Roseobacter is 5' CGCTCCACCC-GAAGGTAG 3' (Zubkov et al. 2001a ); CF319a, specific for Cytophaga-Flavobacterium cluster (Manz et al. 1996) ; ALF968, specific for the α-subclass of Proteobacteria, GAM42a, specific for γ-subclass of Proteobacteria and EUB338, specific for Bacteria (Amann et al. 1990 ). Probes labelled with fluorescence indocarbocyanine dye CY3 and unlabelled helper oligonucleotides (Fuchs et al. 2000a) were synthesised commercially (Interactiva). Cells were viewed using an Axioscop 2 epifluorescence microscope equipped with a 100× plan neofluar objective (Zeiss) and at least 300 were counted per sorted sample. Probe positive cells were presented as percentages of cells stained with a general nucleic acid dye, 4, 6-diamidino-2-phenylindole (DAPI). To estimate absolute concentrations of each bacterial group, the percentages were multiplied by the total bacterial concentration determined by flow cytometry.
Data analysis. Acquisition and preliminary analysis of flow cytometric data were done using CellQuest software (Becton Dickinson). Correlation, regression analyses and t-test were used for comparison of the data sets.
RESULTS
Phylogenetic affiliation of flow cytometric bacterioplankton groups
The composition of the bacterioplankton community was flow cytometrically characterised on the basis of protein and nucleic acid content of individual cells. Three main groups were clearly seen on density plots of all samples analysed: cells with high nucleic acid content and high protein content (HNA-hp group), cells with high nucleic acid content and low protein content (HNA-lp group), and cells with low nucleic acid content (LNA group) (Fig. 2) . The 2 HNA groups could only be clearly discriminated using their protein content (Fig. 2b,c) ; the complex nature of light scattering by bacterial cells in the forward direction did not allow their clear separation (Fig. 2a) . The differences of cellular DNA and protein contents between the groups were greater than variation introduced by cell growth. Using CellQuest software, the polygons were drawn by eye to enumerate cells and to sort cells from the 3 groups (Fig. 2) .
The samples were adequately preserved for compositional analyses, but some loss of bacterial cells occurred as a result of sample storage. Comparison of bacterioplankton counts, done on board the ship and ashore, revealed that 79% (regression coefficient r 2 = 0.91, n = 120, p < 0.0001) of all bacterioplankton cells and 78% (r 2 = 0.85, n = 120, p < 0.0001) of cells from the LNA group were accounted for in the stored frozen samples. There is no ideal method of bacterioplankton sample preservation and some loss of cells was un-avoidable. However, similar percentages of the total bacterioplankton and LNA group indicated that selective loss of bacterioplankton groups was unlikely. Therefore, one could conclude that the composition of bacterioplankton in frozen samples was representative of natural composition.
We hypothesised that phylogenetic composition of each of the flow cytometric groups remained similar in the studied area. To test this hypothesis, cells from each of the groups were flow sorted from 13 randomly selected samples (Fig. 1, large dots) . The sorted cells were phylogenetically affiliated using FISH (Table 1) . According to FISH, bacteria dominated all samples, between 81 and 94% of the cells hybridised with a general bacterial probe, EUB338. Therefore, the concentration of Archaea in the surface waters surveyed in this study was likely to be low. It was evident that members of the genus Roseobacter accounted for almost all γ-proteobacteria and the HNA-hp group was predominantly of this genus. Only about 10% of cells in the HNA-hp group belonged to the CF cluster and 15% belonged to the γ-proteobacteria. On average, bacteria of the CF cluster comprised 63% of sorted cells from the HNA-lp group, and only 9% of cells belonged to the α-proteobacteria and 6% of cells were from the SAR86 cluster. The majority of cells from the LNA group were also bacteria, 81% of the sorted cells hybridised with the general bacterial probe. On average, 16% of cells hybridised with a probe specific to the SAR86 cluster (GMP1242), and an even smaller percentage was detected with other specific probes used. A more precise identification of the remaining cells was not possible with the probe set applied in this study.
The flow cytometric groups of bacterioplankton obviously represented quite stable assemblages of defined taxonomic groups that were relatively similar in different parts of the studied area (Table 1 ). This compositional constancy was most pronounced in the HNA-hp group dominated by the Roseobacter-related α-proteobacteria. The probe CF319a, which consistently hybridised to the majority of cells in the HNA-lp flow cytometric group, targeted a fairly large taxonomic group and, therefore, we cannot rule out substantial spatial variation within this group. The same is true for the LNA group, in which roughly 1 out of 6 cells could be assigned to the SAR86 cluster.
The cells from the HNA-hp group containing 30 ± 8.5 fg protein cell -1 (n = 157) were 3 times richer in protein than the cells in the HNA-lp group (10 ± 2 fg protein cell -1 ), and 5 times richer than the cells in the LNA group (6 ± 1.3 fg protein cell -1 ). Therefore, although the LNA group often dominated bacterial numbers, the HNA-hp usually dominated bacterioplankton biomass. Interestingly, a significant negative correlation was revealed between the fractions of the HNA-hp and LNA groups (Fig. 3) , whereas no correlation was found between the fractions of the LNA and Probe HNA-hp group HNA-lp group LNA group Mean ± SD n Mean ± SD n Mean ± SD n EUB338 94 ± 4 (11) 90 ± 11 (10) 81 ± 13 (6) Sum* 84 ± 11 (13) 84 ± 11 (11) 26 ± 22 (7) ALF968 57 ± 16 (13) 9 ± 9 (11) 4 ± 5 (5) RSB67 57 ± 17 (15) 4 ± 4 (8) 1 ± 0.4 (7) GAM42a 15 ± 9 (12) 2 ± 2 (11) 2 ± 2 (5) CF319a 10 ± 5 (7) 63 ± 15 (11) 4 ± 7 (7) SAR86/1242 0.5 ± 0.7 (7) 6 ± 5 (7) 16 ± 17 (8) HNA-lp groups. To identify possible relationships between bacterioplankton groups as well as phytoplankton and physical parameters, paired correlation coefficients were computed for all parameters measured and more significant coefficients between bacterioplankton groups were summarised in Table 2 . Abundance of the HNA-lp and LNA groups correlated strongly with total bacterioplankton concentration, and biomass of both HNA-hp and HNA-lp groups correlated with total biomass, but no statistically significant correlation was found between bacterioplankton groups and either phytoplankton or physical parameters. Seeking an explanation, we compared patterns of spatial distribution.
Spatial distribution of bacterio-, phytoplankton and physical properties of seawater
Spatial distribution of the 3 groups in the surveyed area was mapped using contour plots (Fig. 4) . Distributions of the HNA groups were generally similar with the highest concentrations in the north-central part of the area. The LNA group showed a distinctly different distribution to the other 2 groups with the highest concentrations to the south-west. The group biomass fields were similar to number distribution patterns (Fig. 4,  right column) . Spatial distributions of the other parameters in the surveyed area were contour plotted using the same algorithm (Fig. 5) . Surface waters in the north-east were about 1°C higher than waters that had intruded from the west (Fig. 5a ). While salinity gradually decreased by about 0.25 ppt in a south-easterly direction (Fig. 5b) , these bore little similarity to the distributions of bacteria. Consequently, more dense surface water protruded from the west towards the middle of the area (Fig. 5c) .
Three phytoplankton parameters were selected for comparison with bacteria. Fluorescence of chl a was used as an index of total phytoplankton biomass. Satellite images of light backscatter revealed a developing bloom of coccolithophore algae in the area and therefore, monitoring small coccolithophores was used to verify remote sensing data. High abundance of picoeukaryotic algae are usually characteristic of either very early or late stages of phytoplankton blooms (M.V.Z. pers. obs.), and picoeukaryotic algae were used as an index of such stages of community development. The highest concentration of chl a was restricted to the northern part of the area (Fig. 5d) . The lowest concentration of chl a was in the south-eastern part of the area where the highest concentration of small coccolithophores was determined (Fig. 5e ). Spatial distribution of the coccolithophores in all respects differed from the distribution of picophytoplankton (Fig. 5f ). The highest concentration of the latter was observed in the northern and south-western parts of the area and the lowest concentration was in the middle of the area.
Identification and comparison of planktonic patches
We evaluated the statistical significance of observed spatial heterogeneity. Guided by the contour plots, 3 distinct regions enriched with one of the groups of bacterio-or phytoplankton were identified. The contour of the HNA-hp biomass of 7 µg C l -1 was chosen as a boundary of the first region, R1, the contour of the LNA bio- mass of 2 µg C l -1 as a boundary for the second region, R2, and the contour of the coccolithophore abundance of 0.35 × 10 6 cells l -1 as a boundary for the third region, R3. The sampling points within those contours were considered to represent the corresponding regions. The sample sets of measured parameters that characterised the 3 regions were compared using the t-test (Table 3) .
According to the t-test, the numbers and biomass of the HNA-hp group were both significantly higher in R1 than in the other 2 regions, and the LNA group concentration was the highest in R2. However, the numbers of total bacterioplankton were similar in the 2 regions and total biomass was only slightly higher in R1. Regarding the phytoplankton, the concentrations of chl a and picophytoplankton were similar, while R2 Chl. a, r.u.
σ t Salinity, ppt Fig. 4 . Spatial distribution of abundance (left column) and biomass (right column) of 3 bacterioplankton groups. Dots indicate underway sampling points, contours were calculated using a running average of 10% of a data set Fig. 5 . Spatial distribution of (a) temperature, (b) salinity, (c) calculated water density, σ t , (d) chl a, (e) abundance of coccolithophores and (f) picoeukaryotic algae in the surveyed area. Dots indicate underway sampling points, contours were calculated similar to Fig. 4 was significantly enriched in coccolithophores compared to R1. R1 and R2 seemed to be in different water masses; both temperature and salinity was significantly higher in R1 than in R2. R3 was also in different waters of significantly lower salinity than waters of the other 2 regions. Despite the concentration of chl a being similar in the 3 regions, the highest coccolithophore concentrations were found in R3. The bacterioplankton concentrations of all groups were significantly lower in R3 than in R2, and the HNA-hp concentration was significantly lower in R3 than in R1.
Thus, the 3 regions identified within the area studied were indeed significantly different according to most parameters measured. The group composition of bacterioplankton was also different. The HNA-hp group constituted 40 ± 12% of bacterioplankton cells in R1, and significantly less, only 24 ± 9%, in R2. Conversely the LNA group constituted 23 ± 8% in R1, and a significantly higher percentage, 48 ± 11%, in R2.
Estimation of temporal changes of measured parameters
A complication of the spatial survey was its duration, as it took 5.7 d to complete (Fig. 1) . The diagonal from the south-west (58°N, 2°W) to north-east (59°45' N, 2°E) gave an opportunity to observe temporal changes between the first and subsequent passages through 4 selected geographical places where the survey track crossed the diagonal (Fig. 1) . Surprisingly, this showed little significant temporal change of salinity, both phytoplankton groups and bacterioplankton. Only the variations of the HNA-lp concentration were statistically significant (results of computation are not shown). However, although salinity remained unchanged, there was a significant 1.4°C decrease in water temperature. The latter could be the result of cold water intrusion from the west than direct water cooling. To minimise temporal distortions of spatial distribution revealed on the contour plots, we only used the 101 samples of the box survey that took only 4.25 d to complete (Figs. 4 & 5) .
DISCUSSION
Although there is a well established understanding of the key role of heterotrophic bacterioplankton in the mineralisation of dissolved organic matter in the sea (Azam et al. 1983) , information on the taxonomic composition of bacterioplankton communities associated with phytoplankton blooms is rather limited (Gordon & Giovannoni 1996 , Kerkhof et al. 1999 , Riemann et al. 1999 , Simon et al. 1999 , Gonzalez et al. 2000 . In the present study, we employed a recently developed technique that combined flow sorting of bacteria from a main cytometric group and their FISH identification (Zubkov et al. 2001a) . The approach couples the preci-141 In the short time and restricted area investigated, the taxonomic composition of 3 flow cytometric groups distinguished by their different DNA and protein contents was quite stable, at least within the relatively coarse resolution of the probe set applied. Successful application of the Roseobacter-specific probe RSB67 for identification of dominant bacterial population in the HNA-hp group showed the potential of developing more specific probes. Based on 16S rRNA, it is frequently possible to design specific probes down to the species level (Amann et al. 1995) , and it was recently shown that even low and high light adapted 'ecotypes' of Prochlorococcus sp. can be distinguished using the 16S rRNA probes (West et al. 2001 ). However, one should not expect that all ecologically different species have different 16S rRNA sequences. One of the interesting features of the monitoring of different bacterioplankton groups was a significant negative relationship between the Roseobacter-dominated HNA-hp and LNA group (Fig. 3 ). Previously, we had shown that cells from both of these 2 groups were metabolically highly active (Zubkov et al. 2001b) . It is tempting to speculate that the observed relationship might reflect group competition for nutrients possibly produced by different phytoplankton assemblages. However, no relationship was found between bacterioplankton and phytoplankton groups. The HNA-hp and HNA-lp bacterial groups probably did not compete for the same DOM and therefore, their spatial distribution was similar. It is possible that the Roseobacter-related α-proteobacteria in HNA-hp group were consuming the more labile fraction of DOM (Zubkov et al. 2001a) , while the members of the Cytophaga-Flavobacterium cluster in the HNA-lp were specialised in breaking down macromolecules (Cottrell & Kirchman 2000) .
The spatial distribution of the bacterioplankton groups was found to be patchy. The patches were not only spatially separated (Fig. 4) , but also did not match with the spatial distributions either of selected phytoplankton groups or of physical parameters (Fig. 5) . The characteristic mesoscale spatial patterns of planktonic populations are a consequence of the timescales of their response to changes in their physical environment caused by turbulent advection (Abraham 1998) . Because bacteria depend ultimately on phytogenic DOM, their response is temporally delayed relative to the phytoplankton, and this could lead to the spatial decoupling we report. Consequently, higher concentrations of the phytoplankton groups matched with lower concentrations of bacterioplankton groups as exhibited, for example, in R3 which was enriched with coccolithophores (Table 3) . Similar patterns were observed previously and their origin was attributed to a mesoscale hydrographic variability (Karrasch et al. 1996) . Many factors, such as origin of hydrographic structures, their specific physical parameters and history must be considered in order to explain and to understand their biological constitution at the moment of observation (Le Groupe Tourbillon 1983) . However, in the present study hydrography could not provide a decisive explanation of observed bacterioplankton patchiness. Satellite imagery has been the main route by which mesoscale variability of the sea surface has been studied (Garcon et al. 2001) . The reason for comparing bacterioplankton group concentrations with phytoplankton and physical parameters was to search for possible relationships and if found, to use 1 parameter for predicting the distribution of another parameter. Unfortunately, unpigmented bacteria seem unlikely to be directly remotely sensed or approximated using other parameters. This makes the ability to determine their concentrations by ship survey, particularly important. A limitation of a ship's spatial survey is its duration. It took 4.25 d to complete the box survey. However, the design of the survey (Fig. 1 ) allowed us to evaluate an effect of temporal changes on revealed spatial variability. It was interesting to observe that there were few significant changes in bacterioplankton and phytoplankton within 2 to 3 d. Consequently, if a survey is done within a few days, it can be effectively used for selecting stations representing patches of a certain bacterioplankton as well as phytoplankton group. On the other hand, the observed patchiness of bacterioplankton distribution cautioned against arbitrary extrapolations based on measurements of stocks and fluxes done at chance stations. The degree to which stations are representative of an area can only be proved using a spatial survey similar to the one conducted in this study.
Thus, the present study showed the utility of coupling flow cytometry, cell sorting and FISH in surveying bacterioplankton to identify spatial patchiness of phylogenetically characterised groups. This approach can help future studies focused on either explaining the biological mechanism of patchiness or evaluating spatial magnitudes of biogechemical processes driven by different bacterioplankton groups.
